Biosynthetic studies of aminoglycoside antibiotics have progressed remarkably during the last decade. Many biosynthetic gene clusters for aminoglycoside antibiotics including streptomycin, kanamycin, butirosin, neomycin and gentamicin have been identified to date. In addition, most butirosin and neomycin biosynthetic enzymes have been functionally characterized using recombinant proteins. Herein, we reanalyze biosynthetic genes for structurally related 2-deoxystreptamine (2DOS)-containing aminoglycosides, such as kanamycin, gentamicin and istamycin, based on genetic information including characterized biosynthetic enzymes in neomycin and butirosin biosynthetic pathways. These proposed enzymatic functions for uncharacterized enzymes are expected to support investigation of the complex biosynthetic pathways for this important class of antibiotics.
INTRODUCTION
Aminoglycoside antibiotics are known as a classical but clinically important class of agents, especially against Mycobacterium tuberculosis. 1 In 1944, Selman Waksman found aminoglycoside antibiotic streptomycin from soil bacteria, which showed significant antibacterial activity, importantly anti-tuberculosis activity. This discovery led to the isolation of such bioactive compounds including kanamycin, found by Hamao Umezawa in Japan. These aminoglycoside antibiotics are structurally similar, possessing a core aminocyclitol moiety and various unusual sugars including aminosugars and deoxysugars ( Figure 1 ). Combinations of sugar attachments and amino functionality are critical for antibacterial activity, which results from specific interaction with bacterial ribosomal RNAs to inhibit their protein synthesis. In fact, such specific interactions have been observed clearly through X-ray structural analysis. 2 Emergence of bacteria that are resistant against such antibiotics remains a serious problem. Resistant enzymes in bacteria modify aminoglycosides through phosphorylation, adenylation and acetylation. 3, 4 Modified aminoglycosides become unable to interact with bacterial rRNAs and therefore become ineffective. To prevent such modification reactions, deoxygenation and 4-amino-2S-hydroxybutyration of aminoglycoside have been developed as effective methods because resistant enzymes cannot reach or modify such antibiotics even though they can still interact with bacterial rRNAs. 5 In spite of the ototoxic and nephrotoxic side effects of aminoglycosides, the highly specific RNA-binding ability has engendered the preparation of various analogous compounds to apply for human immunodeficiency virus inflectional disease 6 and antiplasmid approaches. 7, 8 Consequently, aminoglycoside remains an important material in medicinal chemistry.
Biosynthetic studies of aminoglycosides have indeed been performed for many years. Initially, feeding experiments with radioisotope and stable isotope-labeled primary metabolites such as glucose and glucosamine elucidated the origin of carbon atoms. 9 Idiotrophic mutants were also constructed and used to postulate the biosynthetic pathway through the determination of structures of accumulated intermediates. 10 Cosynthesis with blocked mutants was also effective to determine the order of biosynthetic steps. 11 However, these experiments yielded no direct evidence for enzymatic reaction mechanisms.
Enzymatic analyses were performed extensively by Walker, 12 yielding important information to elucidate the complex biosynthetic pathway at the enzyme reaction level. However, only limited information about the enzymes was available at that time because the purification of quite small amounts of secondary metabolic enzymes from a natural source was usually a difficult task. In the 1980s, genetic analyses for natural product biosynthesis were initiated to identify the responsible biosynthetic genes. Initially, complementary gene fragments for idiotrophic mutants to restore antibiotic production were screened to identify the desired biosynthetic genes. In addition, resistant genes were used as a target to identify secondary metabolite biosynthetic gene clusters. A partial streptomycin biosynthetic gene cluster was then identified in 1987. 13 Subsequently, several biosynthetic genes for streptomycin were identified in association with the central gene cluster. 14 However, only a few biosynthetic genes were heterologously expressed and investigated to characterize the function to date. [15] [16] [17] [18] Among those, the characterization of L-glutamine: syllo-inosamine aminotransferase StsC gave important information to elucidate the aminocyclitol-containing aminoglycosides biosynthetic pathway. 15 Using the hybridization method, Piepersberg and co-workers 15 showed that its homologous gene is conserved in the aminocyclitol antibiotic-producing microorganisms. In fact, StsC homologous aminotransferase genes are conserved completely in the genomes of aminocyclitol antibiotic-producing microorganisms as a specific feature.
In 1999, the 2-deoxy-scyllo-inosose (2DOI) synthase was isolated from butirosin-producing Bacillus circulans as a crucial enzyme at the first step in the 2-deoxystreptamine (2DOS) biosynthetic pathway. 19 Its corresponding gene, btrC, was then cloned and the recombinant enzyme was found to have 2DOI synthase activity. 20 In addition, a butirosin biosynthetic gene cluster (btr) was identified by chromosomal gene walking from the DOI synthase gene (Table 1) . 21 The majority of aminoglycosides contain 2DOS as a core unique aminocyclitol aglycon. Therefore, the discovery of the btr gene boosted the identification of several other 2DOS-containing aminoglycoside biosynthetic gene clusters (Figures 1 and 2 and Table 1 ). To date, biosynthetic gene clusters for butirosin, neomycin, ribostamycin, paromomycin, lividomycin, kanamycin, tobramycin, gentamicin, sisomicin, istamycin, apramycin and hygromycin B have been identified, yielding important information to predict the biosynthetic pathway step by step, combined with previous mutant studies. It was readily speculated that conserved biosynthetic enzymes encoded in gene clusters could construct common structures of aminoglycosides. In accordance with that prediction, seven neamine-related biosynthetic genes and two unique ribostamycin-related biosynthetic genes were clearly classified. In addition, two neomycin-related enzymes and several butirosin-specific biosynthetic enzymes have been identified. Most enzymes in neomycin and butirosin biosynthesis have been functionally characterized with the recombinant proteins. 22 In this review, we first summarize the neomycin and butirosin biosynthetic enzymes characterized to date; then, we bioinformatically reanalyze the function of the biosynthetic genes for other 2DOS-containing aminoglycoside antibiotics including kanamycin, tobramycin, gentamicin and istamycin (also fortimicin). at C-3¢; nos. 43, 2-2, 4-2 (e) are kanamycin-related biosynthetic enzymes; nos. 50, 52, 57-59, 62 (f) are gentamicin-, sisomicin-and fortimicin-specific enzymes; nos. 51, 54-56, 63 (g) are gentamicin-and sisomicin-specific enzymes; nos. 53, 60 (h) are gentamicin-and fortimicin-specific enzymes; no. 61 (i) is a gentamicin-, sisomicin-, fortimicin-and istamycin-specific enzyme; nos. 64-68, 70, 72 (j) are fortimicin-and istamycin-specific enzymes; nos. 69, 71 (k) are fortimicin-specific enzymes for scylloinosose biosynthesis from myo-inositol 1-phosphate; Others are pathway-specific enzymes, transcriptional regulators, transporters, resistant enzymes and unknown functional hypothetical proteins.
NEOMYCIN-RELATED BIOSYNTHETIC GENES
We presented 2DOS biosynthetic genes in Table 1 : many homologous proteins are conserved in the structurally related compounds ( Figure 2 ). As many identical biosynthetic genes for aminoglycoside antibiotics are deposited as different symbols in the database, we use here the btr gene-based code names that are used systematically by Piepersberg et al. 23 Seven proteins (nos. 1-7 in Table 1 ), 2DOI synthase (BtrC, NeoC), L-glutamine:2DOI aminotransferase (BtrS, NeoS), NAD-dependent dehydrogenase (BtrE, NeoE), glycosyltransferase (BtrM, NeoM), deacetylase (BtrD, NeoD), flavin adenine dinucleotide (FAD)-dependent dehydrogenase (BtrQ, NeoQ) and another aminotransferase (BtrB, NeoB), are all conserved in butirosin, neomycin, ribostamycin, paromomycin, lividomycin, kanamycin, tobramycin, gentamicin and istamycin biosynthetic gene clusters, indicating that these are responsible for the construction of a common neamine-like structure. In fact, 2DOI formed from D-glucose-6-phosphate by 2DOI synthase is converted into 2-deoxy-scyllo-inosamine (2DOIA) by Gln:2DOI aminotransferase, 24, 25 which is a homologous protein to StsC in streptomycin biosynthesis. Next, an NADdependent dehydrogenase catalyzes the dehydrogenation at C-1 of 2DOIA to give 3-amino-2,3-dideoxy-scyllo-inosose (amino-DOI). 26 Amino-DOI is then converted to 2DOS by dual functional Gln:2DOI aminotransferase to complete the 2DOS biosynthesis. 27 Then, 2DOS is glycosylated using glycosyltransferase with UDP-N-acetyl-D-glucosamine (UDP-GlcNAc) as a glycosyl donor to give N-acetylparomamine, whose N-acetyl group is removed using a deacetylase to give paromamine. 28 Paromamine is believed to be a branching intermediate to neomycin-related aminoglycosides, Table 1 . Genes are classified according to the biosynthetic functions summarized in Table 1 (a)-(k).
kanamycin and gentamicin. In neomycin biosynthesis, C-6¢ of paromamine is oxidized to 6¢-oxoparomamine by an FAD-dependent dehydrogenase. 29 6¢-Oxoparomamine is then converted to neamine by another aminotransferase. 29 All these seven enzymes derived from the neomycin biosynthetic gene cluster were functionally characterized using its recombinant proteins (Figure 3) .
Neamine is then ribosylated by two unique enzymes (nos. 8 and 9) for ribostamycin-related aminoglycoside biosynthesis. To date, BtrL and BtrP encoded in the butirosin biosynthetic gene cluster were used to verify the function. 30 Subsequently, BtrL was found to catalyze the phosphoribosylation with 5-phosphoribosyl-1-diphosphate as the ribosyl donor. Then, phosphatase BtrP catalyzes the dephosphorylation to give ribostamycin.
Among neomycin-related gene clusters, two unique proteins (nos. 10 and 11) are conserved except for transcriptional regulators, transporters and resistant enzymes. One (NeoF) was found to be responsible for the glycosylation with UDP-GlcNAc to give a pseudotetrasaccharide. 28 The N-acetyl moiety of the product is then deacetylated by a dual functional deacetylase (NeoD), which also catalyzes the deacetylation of N-acetylparomamine. 28 This product can be further converted to neomycin C by a dual functional FAD-dependent dehydrogenase (NeoQ) and an aminotransferase (NeoB) in the neamine biosynthesis. 29 Finally, a remaining radical SAM protein is apparently responsible for the epimerization at C-5¢¢¢ of neomycin C to give neomycin B, although its enzymatic activity has not been confirmed yet. Butirosin-specific enzymes (nos. 12-19) for the 4-amino-2S-hydroxybutyrate moiety were also characterized by the Cambridge group. 31, 32 Details of the enzymatic functions of the butirosin biosynthetic enzymes were described in a recent review. 22 Overall, most proteins encoded in the neomycin and butirosin biosynthetic gene cluster are apparently required for the construction Biosynthetic genes for aminoglycoside antibiotics F Kudo and T Eguchi of aminoglycosides (Table 1) . However, several proteins appear to be inactive and remain merely as evolutional relics. For example, BtrE encoded in the butirosin gene cluster was presumed to be responsible for the dehydrogenation of 2DOIA in the 2DOS pathway, although it showed no expected activity. 26 A butirosin-specific radical SAM enzyme, BtrN, was then found to be responsible for dehydrogenation instead of BtrE. 33 In addition, it is noteworthy that C-6¢ of paromomycin and lividomycin remains in the hydroxy group, even though a set of dehydrogenase and aminotransferase responsible for the neamine biosynthesis is conserved. Therefore, the dehydrogenase should not recognize paromamine toward the neamine formation.
In lividomycin biosynthesis, the hydroxy group at C-3¢ of paromomycin is expected to be removed by certain enzymes. This deoxy structure is also apparent in tobramycin and apramycin, which are produced by two independent biosynthetic gene clusters in the same microorganisms. Two unique enzymes, LivW and LivY (nos. 38 and 39), are conserved in both the lividomycin and apramycin biosynthetic gene clusters. Consequently, these putative radical SAM oxidoreductase and dehydrogenase appear to be responsible for deoxygenation at C-3¢ of the paromamine moiety. The LivY homologous protein is also encoded in the gentamicin biosynthetic gene cluster and might be involved in the deoxygenation reaction at the corresponding position of gentamicin. It is unclear what enzyme is responsible for the mannosylation at C-5¢¢¢ of lividomycin B leading to lividomycin A. A certain glycosyltransferase outside of the gene cluster might be responsible for the reaction.
KANAMYCIN-RELATED BIOSYNTHETIC GENES
On the basis of the information described above for the characterized neomycin and butirosin biosynthetic enzymes, one can simply speculate about the functions of kanamycin biosynthetic enzymes (Figure 4 ). Paromamine biosynthesis is expected to be the same as the pathway in neomycin biosynthesis. Consequently, five conserved enzymes--(nos. 1-5) KanC, KanS1, KanE, KanM1 and KanN--might be responsible for paromamine formation. Recombinant KanM1 protein was reported to have only a weak glycosyltransferase activity with 2DOS and TDP-glucose and GDP-mannose. 34 In contrast, these five kan genes expressing Streptomyces lividans reportedly produce paromamine, indicating that our proposed enzymatic function is likely. 35 However, detailed enzymatic analysis is expected to be necessary to characterize the real function of KanM1.
One homologous glycosyltransferase, KanM2, is expected to attach glucose at the C-6 of paromamine with NDP-glucose. Then, oxidation and subsequent transamination can be catalyzed using a putative dehydrogenase, KanD2, and an aminotransferase, KanS2, respectively, to afford kanamycin C. These three proteins--KanM2, KanD2 and KanS2--are uniquely conserved in the kanamycin, tobramycin and gentamicin biosynthetic gene cluster (Table 1 , nos. 4-2, 43, 2-2). The next oxidation and transamination can be catalyzed by an FADdependent oxidoreductase, KanQ, and a pyridoxal phosphate (PLP)-dependent aminotransferase, KanB, similar to neamine formation in the neomycin biosynthetic pathway.
Deamination and hydroxylation at C-2¢ of kanamycin B to afford kanamycin A might be catalyzed by two unique unknown functional hypothetical proteins, KanJ and KanK, which are only unassigned open reading frames (ORFs), except for transcriptional regulators, transporters and resistance enzymes in the kanamycin biosynthetic gene cluster. Although a reverse scheme of oxidation and transamination in the conversion of a hydroxy to an amino group is simply inferred, KanJ and KanK show no homology to such enzymes. Alternatively, oxidation of the amino group to form an imine intermediate that is hydrolyzed nonenzymatically to be a ketone is the likely transformation. The presumed ketone intermediate might be reduced to be kanamycin A. Deoxygenation at C-3¢ of kanamycin B leading to tobramycin can be catalyzed by a unique radical SAM oxidoreductase AprD4 and a dehydrogenase AprD3 in the apramycin gene cluster, as described above.
GENTAMICIN-RELATED BIOSYNTHETIC GENES
The gentamicin biosynthetic pathway shares several similar enzymatic reaction steps with the kanamycin biosynthetic pathway (Figure 4) . GenC, GenS1, GenE, GenM1 and GenD seem to be responsible for the Biosynthetic genes for aminoglycoside antibiotics F Kudo and T Eguchi paromamine formation, similar to the neomycin biosynthetic pathway. The Gen-specific and Sis-specific 36 enzymes, GenD1, GenD2, GenX, GenU, GenV, GenN, GenS2 and GenM2, could then be involved in the biosynthesis of the garosamine moiety. A putative glycosyltransferase, GenM2, is expected to be a xylose transferase, which could use NDP-xylose as a glycosyl donor. A putative dehydrogenase, GenD2, and a putative aminotransferase, GenS2, might be responsible for the oxidation and transamination at C-3 00 , similar to the kanamycin biosynthesis. A putative radical SAM C-methyltransferase, GenD1, can catalyze the C-methylation at C-6¢¢ and a putative N-methyltransferase, GenN, can catalyze N-methylation either of N-6¢ or N-3¢¢. The other proteins--GenX, GenU and GenV--might be involved in the other chemistry in the garosamine formation or unexpected reaction steps.
Gentamicin-specific genes compared with sisomicin biosynthetic genes are GenK, GenB2, GenB4 and GenG. GenK and GenG are also conserved in the fortimicin biosynthetic gene cluster. Consequently, a putative radical SAM C-methyltransferase, GenK, might catalyze the C-methylation of the purpurosamine moeity. Another hypothetical protein, GenG, might be involved in the reduction of C-4¢ and C-5¢. In contrast, the putative PLP-dependent enzymes GenB2 and GenB4 might be responsible for the PLP-dependent epimerization at C-6¢ in the late stage of the biosynthesis.
In the gentamicin, sisomycin, fortimicin and istamycin biosynthetic gene clusters, GenH, GenI, GenQ and GenB1 (and/or B3 also) are conserved. They are apparently responsible for the biosynthesis of the common feature of the purpurosamine moiety. A putative FADdependent dehydrogenase, GenQ, and a putative aminotransferase, GenB1, are expected to be responsible for the oxidation and transamination at C-6¢, as is apparent in neamine biosynthesis. Moreover, other hypothetical proteins, GenH and GenI, are apparently responsible for the dideoxygenation of C-3¢ and C-4¢. This enzymatic transformation can contain dehydration and subsequent reduction. Consequently, certain redox enzymes are apparently involved in this sequential reaction. GenO, GenW, GenY, GenA, GenF and GenT are conserved in fortimicin biosynthetic genes and might be involved in the dideoxygenation reaction, although, in that case, istamycin biosynthesis requires extra ORFs outside of the gene cluster for the dideoxygenation. Among these, GenF is presumed to be a radical SAM oxidoreductase. It might therefore be involved in the reduction step in deoxygenation. The istamycin biosynthetic gene cluster contains an extra radical SAM enzyme, IstL3, which might be involved in the reduction chemistry. A putative methyltransferase, GenT, might catalyze N-methylation either of N-6¢ or N-3¢¢, and the other hypothetical proteins GenO, GenW, GenY and GenA might assist dehydration reactions in dideoxygenation as an acid/base catalyst or attach good leaving groups such as phosphate. Alternatively, these might be inactive for biosynthetic enzymatic reactions. A putative dehydrogenase, GenD3, might be involved in reduction during deoxygenation, as described in the section describing lividomycin/apramycin deoxygenation.
Heterologous expression of genC, genS1, genE, genM1, genD and genM2 genes in S. venezuelae was attempted, resulting in gentamicin A2 formation. 37 This result clearly supports the above-proposed function of Gen enzymes. In addition, genD1 gene disruption yielded accumulation of gentamicin A2, indicating that this putative radical SAM C-methyltransferase works after gentamicin A2 formation. 38 Detailed enzymatic analysis of GenD1 is necessary to determine the true substrate.
FORTIMICIN-ISTAMYCIN BIOSYNTHETIC GENES
In istamycin biosynthesis, 2DOI synthase IstC and 2DOI aminotransferase IstS are expected to be used to synthesize the aminocyclitol skeleton ( Figure 5 ). In contrast, in fortimicin biosynthesis, myo-inositol 1-phosphate can be used as the precursor, and a putative inositol phosphate phosphatase, ForA, and a putative inositol, 2-dehydrogenase ForG, catalyze dephosphorylation and oxidation to give scyllo-inosose, which is converted to scyllo-inosamine by a putative aminotransferase, ForS. The following pathway is expected to be similar to the paromamine-neamine pathway, except for the regiospecificity of a putative NAD-dependent dehydrogenase, ForE, which must oxidize C-6 of the cyclitol moiety instead of C-1 after pseudosaccharide formation catalyzed using a putative glycosyltransferase ForM and a putative deacetylase ForD. A putative Figure 5 Fortimicin biosynthetic pathway. Structurally related istamycin is also shown.
Biosynthetic genes for aminoglycoside antibiotics F Kudo and T Eguchi dual functional aminotransferase, ForS, is then presumed to catalyze transamination at C-6 of the cyclitol moiety.
In fortimicin and istamycin biosynthesis, dideoxygenation of a sugar moiety is also interesting to determine which enzymes are responsible. Although several homological hypothetical proteins, ForH, ForI, ForJ and ForV, are conserved in the For, Ist, Gen and Sis gene clusters, the numbers of proteins differ. Moreover, these proteins would not be sufficient for the presumed two sets of dehydration and reduction to construct the dideoxy moiety, as discussed above. Consequently, several redox enzymes conserved in the For, Gen and Sis gene clusters might be involved in such dehydration and reduction. In istamycin biosynthesis, some extra radical SAM enzymes, IstL, IstL2 or IstL3, might be involved in the reduction. During fortimicin biosynthesis, two unique enzymes conserved in For and Gen might be responsible for the C-methylation and deoxygenation. A putative radical SAM enzyme, ForK, was in fact verified to be the C-methyltransferase by a gene complementation study. 39 Another hypothetical enzyme, ForG, might be involved in dideoxygenation, as described in the section of the gentamicin biosynthetic pathway.
Finally, the For-specific and Ist-specific enzymes are ForW, ForO, ForL, ForL2, ForZ, ForX and ForN, which are apparently involved in the fortamine moiety. The putative methyltransferases, ForO and ForN, can catalyze either O-methylation or N-methylation of the cyclitol moiety. Two putative radical SAM enzymes, ForL and ForL2, and/or an FAD-dependent oxidoreductase, ForZ, can be involved in redox reactions such as epimerization reactions at C-3 and C-4. The remaining two hypothetical proteins, ForW and ForX, might be involved in the glycyltransfer reaction. The istamycin-specific methyltransferase, IstU, might be involved in N-methylation of the amino group at C-6¢.
OTHER 2DOS-CONTAINING AMINOGLYCOSIDE BIOSYNTHETIC GENES
The apramycin and hygromycin B biosynthetic enzymes are unique, even though several 2DOS and neamine-related biosynthetic enzymes are conserved. The apramycin biosynthetic gene cluster lacks one aminotransferase gene for amination at C-6¢ of paromamine (Table 1) . Therefore, a possible aldehyde intermediate might be formed using a putative FAD-dependent dehydrogenase, AprQ, and then converted to the octose moiety, although the timing of the enzymatic reaction is unclear. Two putative dehydrogenase AprD3 and oxidoreductase AprD4 conserved in the Apr and Liv clusters are apparently involved in the deoxygenation, as described above. The remaining Apr-specific enzymes are expected to be involved in the construction of the octose moiety and attachment of the additional sugar moiety.
Hygromycin B biosynthetic gene cluster contains three 2DOS biosynthetic enzymes; the other ORFs appear to be unique for hygromycin B biosynthesis, as presented in Table 1 . Several Hyg enzymes are conserved in the spectinomycin biosynthetic gene cluster 40 and are apparently responsible for a similar acetal structure.
OTHER AMINOGLYCOSIDE BIOSYNTHETIC GENES
The streptomycin, bluensomycin, spectinomycin and kasugamycin biosynthetic genes are also known. Actually, the streptomycin biosynthetic system has historically been well studied at the genetic and enzymatic levels. In fact, its complex regulation system has been mostly established. 41 However, not so many biosynthetic enzymes have been characterized even now because, probably, the biosynthetic pathway for streptomycin is too unique to predict appropriate functions compared with other aminoglycoside biosynthetic genes. Among the streptomycin biosynthetic enzymes, Gln:scyllo-inosose aminotransferase StsC 15 and Arg:inosamine-phosphate amidinotransferase StrB1 16 are characterized biochemically. Characterization of StsC was important, as described in the Introduction section, and thus led to the characterization of Gln:2DOI aminotransferase BtrS in the 2DOS biosynthesis. 24 This characteristic inosose aminotransferase is conserved completely in the aminocyclitol-containing aminoglycoside antibiotic biosynthetic gene clusters (Table 1) . Kasugamycin lacks the amino functionality in the cyclitol moiety and therefore does not possess the aminotransferase gene in the gene cluster. 42 Several biosynthetic enzymes for bluensomycin 43 and spectinomycin 44 have also been characterized, but those studies have not been performed systematically yet. Biochemical characterization of many other enzymes is necessary to understand complex biosynthetic pathways for these aminoglycosides on the enzymatic reaction level.
CONCLUDING REMARKS
A tremendous amount of genetic information is made available through genome projects of living systems, including those of microorganisms. Consequently, on the basis of its genomic information, one can predict that Frankia sp. CcI3 would produce fortimicin/istamycinlike aminoglycoside antibiotics ( Figure 2 and Table 1 ). In addition, recombinant proteins expressed in heterologous host strains are now easily obtained for functional characterization. However, as we described above, so many uncharacterized proteins are encoded in small secondary metabolic biosynthetic gene clusters even now. Our classification of 2DOS aminoglycoside antibiotic biosynthetic enzymes would help to investigate the function, leading to the elucidation of whole biosynthetic pathways. Fundamentally, aminoglycoside biosynthesis contains several sets of oxidation/transamination for conversion of a hydroxy group to an amino group, glycosylation/ deacetylation to attach a glucosamine, phosphoribosylation/dephosphorylation to attach a ribose group, glucosylation, probable dehydration/reduction to make a deoxysugar moiety, methylation and epimerization. Combinations of these enzymatic reactions and substrate specificity of the enzymes determine the final structure of aminoglycosides. Once we assimilate the insights of enzymatic reactions, including substrate specificities, and handle such enzymes through protein engineering, a rational combinatorially fashioned biosynthetic approach to create various structural aminoglycosides can be undertaken. It is therefore now important to verify the proposed function of the enzymes, including hypothetical proteins. Our proposed biosynthetic pathways suggest that many unknown functional hypothetical proteins might be involved in the biosynthesis of aminoglycosides. Characterization of such proteins would expand the number of functional enzymes and contribute greatly to the development of bioscience. We are therefore now struggling to characterize such aminoglycoside biosynthetic enzymes.
